Featured Application: Precast concrete industry.
Introduction
Fiber-reinforced concrete has gained wide popularity due to the beneficial effect of fibers in improving toughness and ductility, crack resistance, tensile strength, impact and fatigue resistance, and durability [1] [2] [3] [4] [5] . The use of macrofibers, such as steel fibers, as reinforcement in concrete is well-established in applications such as industrial pavements, precast structural elements, tunnel lining, etc. [3] . Several guidelines and specifications for steel-fiber reinforced concrete (SFRC) are currently available to support the design of elements and structures with such material [6] [7] [8] [9] . However, in applications such as the precasting of thin elements, the use of rigid steel fibers is not the most suitable option, due to the reduced concrete workability, difficulties in placement and finishing, as well as hazards in handling due to the stiffness of the fibers. Therefore, there is a high demand for alternative fibers that can effectively overcome such limitations in fiber-reinforced concrete (FRC) for structural applications.
Materials and Methods

Materials
The twisted-bundle macro-synthetic fiber used in this study is a high-performance fiber, which is made of 100% virgin copolymer/polypropylene and is a combination of a twisted-bundle non-fibrillating monofilament and a fibrillating network fiber (Figure 1 ). The fibers are produced by Forta Corporation. Details on the fibers are presented in Table 1 , while the fiber dosages used in the batches are given in Table 2 . The dosages were chosen based on previous results [25] indicating that dosages beyond 9 kg/m 3 cause a significant decrease in the flowability. The coarse aggregates used in the mixtures were 14 mm white pebbles and 10 mm bluestone. Fine sand and ramp-washed sand were used as the fine aggregates. A combination of 50% eco-blend cement (30% ground granulated blast furnace slag blended cement) and 50% general purpose cement were used as binder, with a water-cement ratio of 0.42. Two high range water reducers were used: One to decrease the viscosity of concretes and extended rheology maintenance, and the other to improve slump retention and workability. The mixture proportions of concrete is not included due to intellectual property restrictions. However, this information is not essential in reaching the general conclusions of this study. The reported mechanical and rheological properties of the mixture should suffice to replicate and validate the results of this study. Since the purpose of this research was to develop fiber-reinforced self-compacting concrete for precasting concrete components, this work does not present results on self-compacting concrete without the addition of fibers.
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Methods
All mixtures were produced at a ready-mixture concrete plant located in Geelong, Australia. To mimic a real-scale production, 4 m 3 of concrete was produced in a conventional concrete agitator truck for each batch. The mixture time between dropping the materials into agitator and casting was approximately 30 min. All samples were demolded 24 h after casting and cured in a water tank up to the age of 28 days.
Slump-Flow Test
The fresh properties were assessed using the slump flow test, as per the Australian Standard AS 1012.3.5 [29] . This test method was used due to its simplicity, quick execution, and broad acceptance within the industry.
Compressive Strength, Tensile Strength, and Modulus of Elasticity
A total of 12 cylinders of 100 mm diameter and 200 mm height were fabricated from each batch for assessing the 28-day compressive strength, the split tensile strength, and the modulus of elasticity.
Flexural Strength and Residual Flexural Strength
Crack mouth opening displacement (CMOD) tests are normally used to study the effect of fibers on the post-cracking behavior of concrete and displays the ability of fibers to redistribute stresses and bridge the cracks formed. The tests were conducted following the BS EN 14651:2005 + A1:2007 [6] , which measures the opening of the crack at mid-span using a displacement transducer mounted along the longitudinal axis. This method was previously used to investigate the post-cracking performance of macro-synthetic fibers in concrete [30] [31] [32] .
A total of four beams were cast per concrete batch. The beam dimensions were 700 mm × 150 mm × 150 mm (Figure 2) , with a span length of 500 mm. A notch (25 mm depth and 5 mm width) was cut in the middle of the beam to control the crack initiation and propagation along the initially induced notch. The test was conducted under three-point bending loading conditions, with the load applied at a constant CMOD rate of 0.05 mm/min up to CMOD = 0.1 mm, followed by a constant CMOD rate of 0.2 mm/min. The load (kN) and CMOD (mm) were recorded for the analysis of residual flexural strength at various CMODs. CMOD1 to CMOD4 correspond to CMODs of 0.5 mm, 1.5 mm, 2.5 mm, and 3.5 mm respectively. The loads corresponding to each CMOD were recorded as F j .
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where, F L = the load corresponding to the limit of proportionality, l = span length, b = width of the specimen, and h sp = distance between the tip of the notch and the top of the specimen. F L was determined by the highest load within the first CMOD interval of 0.05 mm. The residual flexural strengths f Rj ( j = 1, 2, 3, 4) were calculated using Equation (2), according to BS EN 14651:2005 + A1:2007 [6] .
where, F j = load corresponding to the j-th recorded CMOD.
Experimental Results and Discussion
Slump-Flow Test
All mixtures were designed to reach a slump flow diameter of minimum 500 mm, without any bleeding or segregation. Flow test results are presented in Table 3 . Figure 3 shows the appearance of FF6 just after the flow test. The mixture with the highest dosage of fibers, FF8, had notable water bleeding and was initially very stiff. The initial 30 min mixture time was then increased by 10 min when the mixture became less stiff, but the desirable fresh properties were still not satisfactory. As previously reported in the literature, workability is easily affected by the type of fiber, dosage, length, and shape configuration [25, 33] . Also, fibers increase the concrete mixture viscosity by absorbing the cement paste; therefore an increase in the volume of fibers may result in poorer concrete workability [24] . The flow test results in this paper demonstrate the deleterious effect of higher fiber dosages in the workability of self-compacting concrete. For the mixture containing 8 kg/m 3 of fiber, further improvements in the mixture proportion would be necessary to achieve the desirable self-compacting properties. where, = the load corresponding to the limit of proportionality, l = span length, b = width of the specimen, and hsp = distance between the tip of the notch and the top of the specimen. was determined by the highest load within the first CMOD interval of 0.05 mm.
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Experimental Results and Discussion
Slump-Flow Test
All mixtures were designed to reach a slump flow diameter of minimum 500 mm, without any bleeding or segregation. Flow test results are presented in Table 3 . Figure 3 shows the appearance of FF6 just after the flow test. The mixture with the highest dosage of fibers, FF8, had notable water bleeding and was initially very stiff. The initial 30 min mixture time was then increased by 10 min when the mixture became less stiff, but the desirable fresh properties were still not satisfactory. As previously reported in the literature, workability is easily affected by the type of fiber, dosage, length, and shape configuration [25, 33] . Also, fibers increase the concrete mixture viscosity by absorbing the cement paste; therefore an increase in the volume of fibers may result in poorer concrete workability [24] . The flow test results in this paper demonstrate the deleterious effect of higher fiber dosages in the workability of self-compacting concrete. For the mixture containing 8 kg/m 3 of fiber, further improvements in the mixture proportion would be necessary to achieve the desirable self-compacting properties. Table 3 . Slump-flow test results.
Batch Description FF4 FF6 FF8
Flow test 570 650 440 Diameter (mm) 
Compressive Strength, Tensile Strength, and Modulus of Elasticity
The test results for compressive strength, split tensile strength, and modulus of elasticity are summarized in Table 4 . The results are the average of three samples tested per batch for each test. The corresponding standard deviation is presented in brackets. 4] Results revealed that batch FF4 and FF6, with 4 kg/m 3 and 6 kg/m 3 of fibers, respectively, had similar compressive strength and can be classified as high-strength concrete (50 MPa or higher). The major difference between the two mixtures was seen in the 28-day split tensile strength, where FF6 had 28% higher tensile strength compared to the FF4 mixture. The reason for the improvement of concrete tensile and compressive strength in the presence of fibers up to 6 kg/m 3 can be attributed to the ability of the fibers in preventing crack propagation, changing the crack orientation, and reducing the crack growth rate [24] .
On the other hand, FF8 with a higher fiber dosage exhibited lower compressive strength, split tensile strength, and modulus of elasticity among all the concrete batches in this study. The mean compressive strength was 52.7 MPa, which still classifies the concrete as high strength concrete, but represents a 25% reduction in the compressive performance. The poorer results of FF8 are attributed to the poor fresh properties observed during casting. Although the mixture visually presented good fiber dispersion and enough paste, the fresh properties proved the material was not in the range of self-compacting concrete, and since no additional compaction was applied, it likely affected the compaction of the material in the cylinder mold, reducing the compressive and tensile strength. The modulus of elasticity appeared to decrease with the increase in fiber dosage, however, results are not conclusive due to the variations found in the test results.
Flexural Strength and Residual Flexural Strength
The average load F L and F 1 to F 4 , average flexural strength f L , and the average residual flexural strength f R1 to f R4 for the three concrete batches are summarized in Table 5 . These results were obtained from the recorded load vs. CMOD graphs using Equations (1) and (2) . The corresponding load vs. CMOD graphs are presented in Figure 4 To prevent brittleness in a structural member, the fib Model Code 2010 [34] suggest that fiber reinforcement can only be used if two conditions are satisfied: (i) f R1k / f Lk ≥ 0.4, and (ii) f R3k / f R1k ≥ 0.5, with f Lk , f R1k and f R3k being the characteristic value of the nominal strength at peak load, the characteristic serviceability limit at CMOD1 and characteristic ultimate limit at CMOD3, respectively. The characteristic values are calculated using normal distribution, with confidence interval of 0.75 [34] . Table 6 presents the characteristic values f Lk , f R1k , and f R3k of all batches and the ratios f R1k / f Lk and f R3k / f R1k . Table 7 presents the flexural strength ratio of all mixtures (rj) compared to FF4. It is reported in the literature that the flexural strength of SCC reinforced with monofilament polypropylene fibers is affected by the fiber content, and when compared with plain concrete the flexural strength of fiber reinforced concrete is significantly higher [17] . Another recent study on the fracture parameters and size effect of steel fiber-reinforced self-compacting concrete [36] found that an increase in the steel fiber dosage increases energy absorption and ductility. For high-strength SCC reinforced with twisted-bundle macro-synthetic fiber, the increase in fiber dosage from 4 kg/m 3 to 6 kg/m 3 increased the overall flexural performance (Table 7) , however, the further increase to 8 kg/m 3 resulted in a reduction of 5% in the flexural strength. The same trend was observed in the compression strength and can be attributed to the poor self-compacting properties of FF8. However, the most prominent contribution of the additional 4 kg/m 3 was observed in the post-cracking behavior. Comparing the serviceability limit expressed by f R1k / f Lk , presented in Table 6 , FF8 was the only composite that satisfy the requirement to prevent brittle failure in structural member proposed by the fib Model Code 2010 ( f R1k / f Lk ≥ 0.4, and f R3k / f R1k ≥ 0.5). The residual flexural strength f R1 of FF8 increased by 69% when compared to FF4, while f R2 , f R3 , and f R4 doubled, evidencing the fiber contribution post-cracking.
In contrast to FF8, batches FF4 and FF6 did not satisfy the first requirement to prevent brittleness failure ( f R1k / f Lk ≥ 0.4). However, the results obtained for the f R3k / f R1k indicate the effectiveness of the fibers bridging up to the ultimate limit state at CMOD3. Table 7 shows that the gradual increase in fiber content increases the composite post-cracking performance from CMOD1 to CMOD4. This is corroborated by the f R3k / f R1k ratio, presented in Table 6 , clearly indicating the effect of the fiber dosage, i.e., it increases the ultimate performance of the composite.
As discussed by Li [35] , in plain concrete crack bridging is provided by aggregate locking action. When fibers are added to concrete, additional bridging action is brought into effect, superimposing on the aggregate bridging effect. It should be recognized that at the formation of a matrix crack, and prior to any crack opening, the fiber is already in a stressed state. Thus, the combined crack bridging mechanisms depends on the individual contributions of the aggregate bridging action, the fiber bridging action, and the fiber prestress. Indeed, the fiber content plays a significant role in the bridging action observed in the post-cracking stage. As observed in results presented in Tables 5-7, the fiber content has not directly increased the SCC flexural strength but has significantly affected the post-cracking performance of the composites.
Jenq and Shah [36] further describe the mechanism of fracture resistance for fiber-reinforced concrete in three stages: (i) The subcritical crack growth in the matrix and the beginning of the fiber bridging effect; (ii) the post-critical crack growth in the matrix, where the fiber-bridging closing stresses remains constant, and (iii) the final stage, where the resistance to crack separation is provided exclusively by fibers. Figure 5 . Fibers bridging the crack shows the fibers bridging the crack at the final fracture stage in the FF8 beam at CMOD4 = 3.5 mm.
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Theoretical Approach and Discussion
Material Behavior
The fib Model Code 2010 [34] presents the most comprehensive design guidelines for fiberreinforced concrete, focusing both on material behavior and structural behavior. The basic principles introduced are mainly obtained from research of steel fiber reinforced concrete (SFRC), but the fib model is adaptable to other types of fibers [37] . SFRC exhibits strain-softening behavior, as shown in Figure 6 . Simplified load-deformation curves; (a) strain softening, and (b) strain hardening [37] However, this strain softening-behavior can be different for FRC incorporating synthetic fibers. A typical load vs. CMOD curve for plain concrete and SFRC is depicted in Figure 7a . While comparing against Figure 4 it is evident that even though both SFRC and twisted-bundle macro- Figure 6 . Simplified load-deformation curves; (a) strain softening, and (b) strain hardening [37] .
A typical load vs. CMOD curve for plain concrete and SFRC is depicted in Figure 7a . While comparing against Figure 4 it is evident that even though both SFRC and twisted-bundle macro-synthetic fiber FRC demonstrate strain-softening behavior, the decrease in load value after CMOD1 = 0.5 mm is slightly different. For instance, for SRFC F1 > F2 > F3 > F4, as seen in Figure 7a , with the typical stress distribution shown in Figure 7b . However, for the twisted-bundle macro-synthetic fiber-reinforced SCC, the load remains almost constant up to CMOD3 = 2.5 mm, followed by a softening behavior.
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Mixture
Constitutive Law and Bending Moment Prediction
The fib Model Code [34] proposes the following relationship for the ultimate residual flexural strength based on SFRC for a rigid plastic model (Equation (3)):
While this equation is suitable for FRC with softening behavior, it requires the notch beam test results and is developed based on the performance of SFRC. It would be of great interest to predict the ultimate strength or moment capacity of a FRC beam by knowing the split tensile strength of FRC obtained from a simple indirect tensile strength testing only. Therefore, this study proposes a technique to relate the ultimate flexural strength of synthetic fiber reinforced SCC using the split tensile strength.
To relate the ultimate residual flexural strength ( ) of the SCC with split tensile strength . , it can be logically assumed that the fiber content contributes to the residual flexural strength. This is due to the fact that even though the split tensile strength of plain concrete and FRC is very similar, the flexural failure of plain concrete occurs at a CMOD of less than 0.5 mm, as depicted in Figure 7a . In contrast, significant residual stress is obtained for FRC from CMOD 0.5 to 2.5 mm (Figure 9 ). Since the ultimate residual flexural strength ( ) is associated with 2.5 mm (CMOD3), it can be related to the split tensile strength using Equation (4). = split tensile strength of FRC, = ultimate residual flexural strength corresponding to ultimate crack mouth opening (2.5 mm), and = factor related to fiber dosage. As discussed above, the fiber contributes to the gaining of residual flexural strength. As a result, should be related to fiber dosage, which is taken into account by the factor . This factor is calibrated by Equation (5).
= ⁄ (5) Figure 9 . Simplified stress vs. CMOD model behavior for twisted-bundle macro-synthetic fiber reinforced self-compacting concrete (SCC). A trilinear constitutive model was adopted. 
The fib Model Code [34] proposes the following relationship for the ultimate residual flexural strength f ult based on SFRC for a rigid plastic model (Equation (3)):
To relate the ultimate residual flexural strength ( f ult ) of the SCC with split tensile strength f ct.sp , it can be logically assumed that the fiber content contributes to the residual flexural strength. This is due to the fact that even though the split tensile strength of plain concrete and FRC is very similar, the flexural failure of plain concrete occurs at a CMOD of less than 0.5 mm, as depicted in Figure 7a . In contrast, significant residual stress is obtained for FRC from CMOD 0.5 to 2.5 mm (Figure 9 ). Since the ultimate residual flexural strength ( f ult ) is associated with 2.5 mm (CMOD3), it can be related to the split tensile strength using Equation (4) .
where, f ct.sp = split tensile strength of FRC, f ult = ultimate residual flexural strength corresponding to ultimate crack mouth opening (2.5 mm), and k f = factor related to fiber dosage. As discussed above, the fiber contributes to the gaining of residual flexural strength. As a result, f ult should be related to fiber dosage, which is taken into account by the factor k f . This factor is calibrated by Equation (5) .
The determination of the ratio f R1 / f L is discussed in Table 8 . It can be noted here that the authors are currently working on developing a fiber dosage vs. k f curve that will eliminate the use of the notch beam testing; thus the ultimate residual flexural strength can be determined by simply using Equation (4) .
At failure, as seen in Figure 5 , the crack reached the top surface of the concrete beam where the crack width is considered to reach the serviceability limit (0.5 mm), while the crack width at the bottom is considered to reach the ultimate limit (2.5 mm). Figure 9 shows that the stress is constant between the CMOD of 0.5 to 2.5 mm. As plastic deformation is observed between 0.5-2.5 mm CMOD (Figures 9  and 10a) , the whole critical cross-section of the beam is subjected to the tensile post-cracking residual stress (Figure 10b) . Again, as the crack reached the top surface of the beam, it can be assumed that the compressive stress is concentrated at the top fiber. Hence, the ultimate moment capacity can be determined using Equation (6) .
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is determined using Equation 3 and , . is determined using Equation 4 . The ratio of the experimental to theoretical moment , , ⁄ capacities shows that, although conservative, the modified stress distribution model is a fairer predictor for the moment capacity when compared to the model proposed in the fib Model Code [34] . The moment capacity prediction for FF8, and to a lesser extent FF4, is slightly conservative but is not conservative for FF6. Nevertheless, FF6 yields a very precise result compared to FF4 and FF8. While comparing the proposed model and the fib Model Code [34] , it is evident that the proposed model is more accurate in terms of predicting the moment capacity of twisted-bundle macrosynthetic fiber reinforced SCC. 
The calculated theoretical moment capacity for each batch, calculated from Equation 6 , is compared in Table 9 with the experimental moment capacities for each of the corresponding batch specimens from the experimental results discussed above. In addition, a comparison is made between Equation 3 and 4 to calculate f ult . The k f value for FF4, FF6, and FF8 is determined as the average plus the standard deviation of the ratios f R1 / f L from Table 8 , resulting in k f = 0.38, 0.40, and 0.65 for FF4, FF6, and FF8, respectively. M u,theo.1 is determined using Equation 3 and M u,theo.2 is determined using Equation 4 . The ratio of the experimental to theoretical moment M u,exp /M u,theo capacities shows that, although conservative, the modified stress distribution model is a fairer predictor for the moment capacity when compared to the model proposed in the fib Model Code [34] . The moment capacity prediction for FF8, and to a lesser extent FF4, is slightly conservative but is not conservative for FF6. Nevertheless, FF6 yields a very precise result compared to FF4 and FF8. While comparing the proposed model and the fib Model Code [34] , it is evident that the proposed model is more accurate in terms of predicting the moment capacity of twisted-bundle macro-synthetic fiber reinforced SCC. Assuming three mixtures with 4, 6, and 8 kg/m 3 of fibers and similar split tensile properties, a theoretical comparison can be made among them to compare their theoretical moment capacity. Providing that the split tensile strength of all the concrete mixture is 4 MPa, the theoretical section moments are 1.78, 1.88, and 3.05 kN.m, respectively. Hence, it can be concluded that the FF8 mixture has the highest moment-carrying capacity.
Conclusions
This paper investigated the fresh and mechanical properties of high-strength self-compacting concrete reinforced with twisted-bundle macro-synthetic fibers, and proposed a theoretical model to predict the ultimate flexural strength of synthetic fiber reinforced SCC. The main findings of this work are as follow:
•
The inclusion of fibers up to 6 kg/m 3 did not affect the flowabilty of the self-compacting concrete. The mixture containing 8 kg/m 3 presented reduced flowability and would require further mixture design improvements in order to achieve the desirable self-compacting properties for precast applications; • The mixture with a dosage of 6 kg/m 3 exhibited the highest compressive and tensile strength. However, when flexural and post-cracking performances were assessed, the mixture with 8 kg/m 3 revealed improved flexural performance compared to lower fiber dosages, evidencing the contribution of higher fiber contents in the post-cracking composite performance; • Based on the post-cracking behavior, a modified stress-crack opening constitutive law was proposed, including fiber dosage as a model parameter. This model predicts the moment capacity of FRC beams by using the split tensile strength of FRC and a coefficient correlated to fiber content/dosage. The model also corroborates the conclusion that the highest fiber content of 8 kg/m 3 results in a higher moment carrying capacity.
The model is an initial approach on the development of a theoretical model to predict the ultimate flexural strength of synthetic fiber-reinforced SCC based on split tensile strength only, without relying on notch beam flexural test and is capable of predicting the flexural strength of FRC beam. 
